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Soil porous system changes quantified by analyzing soil water
retention curve modifications
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A B S T R A C T

Soil water retention curves (SWRCs) relate soil water pressure head (h) to soil water content (u) and can

also be used to find information regarding soil pore distribution. To analyze SWRCs in relation to pore size

distribution (PSD), changes due to wetting and drying (W–D) cycles were studied in three different

tropical soils (Geric Ferralsol, GF; Eutric Nitosol, EN; Rhodic Ferralsol, RF), using three different

treatments: T0, the control with samples not submitted to W–D cycles; T3, samples submitted to three

consecutive W–D cycles; T9, samples submitted to nine consecutive W–D cycles. Log-normal PSD

equations for each treatment were obtained using the S-theory. For the GF soil, the pressure heads

separating structural and matrix domains (hs) were 17.7, 12.2 and 14.7 kPa for T0, T3, and T9, respectively.

These values are equivalent to pore radia of 8.4 mm (T0), 12 mm (T3), and 10 mm (T9). For the RF soil, hs

values were 8.5 kPa (T0), 20.5 kPa (T3), and 15.1 kPa (T9), equivalent to radia of 18 mm (T0), 7.3 mm (T3),

and 9.9 mm (T9); and finally, for the EN soil, hs were 18.1 kPa (T0), 9.1 kPa (T3), and 13.5 kPa (T9),

equivalent to radia of 8.2 mm (T0), 16 mm (T3), and 11 mm (T9). It was found that the soil structure

presented important changes in PSD due to W–D cycles for all the investigated soils. It was also observed

that the W–D cycles increased the Sinf (slope of SWRC) value for the GF soil for all treatments; Sinf did not

substantially change in all treatments for the EN soil; Sinf decreased between T0 and T3, and T0 and T9 for

the RF soil. According to the S-theory, it is possible to infer that W–D cycles improved the soil structure of

GF, made the RF soil structure worse and did not substantially change the EN soil structure.

� 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Soil water retention curves (SWRCs) can be used to estimate
pore size distributions (PSDs) (Arya and Paris, 1981; Jury et al.,
1991; Kutı́lek and Nielsen, 1994). They relate soil water contents
(u) to soil water pressure heads (h) or relative soil saturations (S*).

Information on PSD and its modification due to natural or
human processes is very important to characterize induced
changes in soil structure and hydraulic properties (Pagliai et al.,
1998). Based on their role in water conduction or retention
properties, soil pore systems (SPS) can be assumed to be composed
of three main pore categories: (1) submicroscopic pores; (2)
micropores (divided in matrix or textural and structural pores) or
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capillary pores; (3) macropores or non-capillary pores (Kutı́lek,
2004).

Aggregated soils present differences between textural and
structural pores. Textural pores are basically related to the
distribution of primary soil particles (sand, silt, and clay) and
structural pores are associated to shape, orientation, and position
arrangement of soil aggregates (Nimmo, 1997). Textural pores are
relatively more stable than structural pores, these last ones being
more affected by natural soil processes or human actions as, for
instance, agricultural management practices, wetting and drying
(W–D) cycles, earthworm activity, and cropping procedures (Zund
et al., 1997; Hussein and Adey, 1998; Pillai and McGarry, 1999).

Frequently SWRCs have more than one inflection point, which
leads to more than one peak along the curve of PSD. If PSD exhibits
two peaks (bi-modal PSD), it represents a typical result for soils
with two categories of capillary pores—textural and structural.
SWRCs with more than one inflection point are representative of
structured soils (Kutı́lek et al., 2006).

The use of the pore size log-normal distribution model of h,
which is derived from the bi-modal PSD (Kosugi, 1994), make it
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possible to characterize changes in SPS due to W–D cycles. Another
tool used for the same purpose is based on the shape (slope at the
inflexion point, Sinf) of the SWRC, which depends on the soil
microstructure (Dexter and Birkas, 2004). According to Dexter
(2004a,b,c), Sinf is related to the sharpness of PSD and it can be used
as an index to give indications on soil physical quality.

W–D cycles effects on physical properties of soils have been
frequently mentioned in literature (Sartori et al., 1985; Hussein
and Adey, 1998; Bresson and Moran, 2003; Timm et al., 2006).
Most of the time they cause an irreversible rearrangement of
particles inside the matrix frame affecting soil resistance, particle
cohesion, internal friction, aggregate size and stability (Rajaram
and Erbach, 1999). These cycles can also result in aggregate
formation in non-aggregated soils (Newman and Thomasson,
1979).

The objective of this study was to use the log-normal PSD model
of h and the Sinf index (S-theory) to evaluate effects of W–D cycles
on the structure and quality of three Brazilian soils.

2. Material and methods

2.1. Soil sampling

Core samples were collected in Piracicaba, SP, Brazil (22840S;
478380W; 580 m above sea level), on soil profiles characterized as
Geric Ferralsol (GF), Eutric Nitosol (EN), and Rhodic Ferralsol (RF)
(Table 1) according to FAO classification (FAO, 1998). According to
Koppen’s classification, the climate in Piracicaba is a typical Cwa,
tropical highland, mesothermal with a dry winter. Average air
temperature, rainfall, and relative humidity are 21.2 8C, 1253 mm
per year, and 74%, respectively. The dry season covers June–August,
July being the driest month. During spring–summer, October–
March, intense rainfall (50 mm/h or more) commonly occurs.

Samples of GF were collected in a non-cultivated area covered
by grasses and weeds; samples of EN in a coffee field established in
2001; and of RF in a native mixed forest.

Fifteen core samples of each soil type were collected from the
soil surface layer (3–7 cm) using aluminum cylinders (3.0 cm high
and 4.8 cm in diameter). Details regarding sampling procedures
can be found in Pires et al. (2006).

2.2. Wetting and drying (W–D) cycles

Soil samples were saturated by the capillary rise method.
Wetting (W) consisted in soaking the samples in a tray with the
water level just below the top of the aluminum rings. It was found
that 48 h were enough to reach saturation and to minimize
entrapped air bubbles in the samples.

A W–D cycle consisted of the following procedure: (1) first the
samples were saturated as described previously; (2) thereafter
they were partially dried by submitting them to a 400 kPa pressure
Table 1
Some physical and chemical characteristics of the 0–0.10 m layer for the experimental

Characteristic Geric Ferralsol

Sand (%) 66

Clay (%) 28

Silt (%) 6

Organic matter (g dm�3) 16.0

Dry bulk density (Mg m�3) 1.56

Particle density (Mg m�3) 2.55

K (mmolc kg�1) 2.6

Ca (mmolc kg�1) 13.0

Mg (mmolc kg�1) 4.0

pH (in CaCl2) 3.9
in a pressure chamber; finally (3) the samples were saturated once
again.

Three treatments were investigated: T0, the control, with
samples not submitted to W–D cycles; T3, samples submitted to
three consecutive W–D cycles; T9, samples submitted to nine
consecutive W–D cycles.

2.3. Water retention characteristics

SWRCs were determined by the traditional method (Richards,
1941), using low- and high-pressure extraction vessels—Soil
Moisture Equipment Corporation, which support pressures up to
500 and 1500 kPa, respectively. The SWRC for each treatment
was measured for 13 different values of h (1, 3, 6, 9, 10, 30, 50, 90,
120, 150, 300, 500, and 1500 kPa). Five replicates of each soil type
were used to generate the mean SWRCs for T0, T3, and T9

treatments.
SWRC data (h, u) were adjusted using the van Genuchten

equation (Eq. (1)) with the Mualem restriction (m = 1 � 1/n) (van
Genuchten, 1980; Mualem, 1986):

u ¼ ures þ
usat � ures

½1þ ðahÞn�m
(1)

where usat and ures represent the saturated and residual water
contents, respectively; a is the scaling factor for h; and m and n are
parameters related to the shape of the fitted curve. The RETC,
Retention Curve software (van Genuchten et al., 1991) was used to
fit mean u and h data for each soil and treatment.

The soil relative saturation was obtained using the following
equation:

S� ¼ u � ures

usat � ures
(2)

Values of ures for each soil were taken as the water content at
1500 kPa. Data of u were transformed into S* and a cubic spline
function (Kastanek and Nielsen, 2001) was used to fit the
experimental data of S* versus ln h resulting a smooth curve.

Water pressure heads were converted to the pore radia (r) using
the relation r = 1490/h, with r and h given in mm and cm,
respectively (Kutı́lek and Nielsen, 1994). After this transformation
dS*(ln h)/d ln h versus ln r represent the pore size distribution
plots.

2.4. Log-normal model and S-theory

Theoretical details about the log-normal model and its
application can be found in Kosugi (1994), Kutı́lek (2004), and
Kutı́lek et al. (2006). Dexter and Bird (2001), using the S-theory,
have shown that the water potential at the inflexion point (hinf) in a
soils

Soil Eutric Nitosol Rhodic Ferralsol

24 26

43 48

33 26

20.2 27.0

1.62 1.33

2.68 2.54

4.3 3.4

29.0 27.0

20.0 15.0

5.3 4.9



Fig. 1. Soil water retention curves (SWRCs) of the soils used after the application of

wetting and drying (W–D) cycles; h and u represent water pressure head and soil

water content, respectively.
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ln h versus u plot is given by

hinf ¼
1

a
1

m

� �1=n

(3)

and, as a consequence:

uinf ¼ ures þ
usat � ures

½1þ 1=m�m
(4)

and, as shown by Dexter (2004a), the slope of the water retention
curve at the inflexion point is given by

Sinf ¼
�nðusat � uresÞ
½1þ 1=m�ð1þmÞ (5)

3. Results and discussion

An increase in u can be seen near saturation (Fig. 1A), which
indicates that the W–D cycles increased soil porosity. At high
pressure heads (from 100 to 1500 kPa) the curves for each
treatment approximate one each other and for pressures higher
than 350 kPa the curves for T3 and T9 become similar. All this
information indicates that for GF, W–D cycles caused changes in
the SWRC essentially near the saturation condition.

For EN samples an opposite behavior was observed (Fig. 1B),
once the W–D cycles systematically promoted a decrease in soil
porosity. Then, as a whole, the SWRCs of both T3 and T9 deviated to
lower values of u at saturation.

In relation to RF (Fig. 1C), initially W–D cycles promoted a soil
porosity reduction, more significant for T3 as related to T9. It can
also be seen that it becomes more difficult to extract water from
the samples submitted to W–D cycles since the remaining u of the
samples (soil water content for pressures above 10 kPa) decreased
as compared to T0, for both treatments.

Some authors have reported that compaction by natural or
artificial processes reduces soil water storage capacity, mainly due
to a reduction of the amount of large pores followed by a rising
amount of small pores. As a consequence, the SWRCs of compacted
soils are mainly altered at low pressure heads (from 0 to 10 kPa)
and at high pressure heads (from 300 to 1500 kPa) (Kutı́lek and
Nielsen, 1994; Ferrero and Lipiec, 2000). Compacted soils present
flatten SWRCs with a reduction of the Sinf (Dexter, 2004a; Assouline
et al., 1997; Hayashi et al., 2006).

The adjusted parameters to the SWRCs presented in Fig. 1 had
determination coefficients (R2) close to unit, indicating that the
adjustment of the proposed interpolation equation to the
experimental data was excellent (Table 2).

The spline function curves of S* versus ln h are presented in
Fig. 2 and the derivative curves dS*(ln h)/d ln h in Fig. 3.

W–D cycles changed S* and dS*(ln h)/d ln h characteristics for
all soils (Fig. 2). For GF (Figs. 2A and 3A), T0 and T3 presented a tri-
modal PSD while T9 exhibited a tetra-modal PSD. Nevertheless,
Kastanek and Nielsen (2001) reported that sometimes a multi-
modal PSD can be originated from the spline adjustment procedure
itself, however, tetra-modal PSD was already observed for soils
submitted to different tillage treatments (Lipiec et al., 2006).
Changes in PSD due to different treatments occur mainly for pore
radia ranging from 0.63 to 2.3 mm, 3.3 to 10 mm, and 12 to 130 mm,
the largest modifications being observed in the last mentioned
pore range (structural domain).

W–D cycles clearly raised the amount or the size of large pores
(10–500 mm) for GF samples (Fig. 3A). The peak associated to the
structural domain for GF, corresponds approximately to pores of
25 mm (T0), 32 mm (T3), and 35 mm (T9) and the W–D cycles
imposed to the samples defined it more clearly. In the matrix
domain (from about 0.1 to 18 mm) T3 and T9 exhibited only slight
differences in relation to T0.

The pore radius that separates the structural from the matrix
domain was estimated at the minimum of the dS*(ln h)/d ln h curve.
For GF, these minimum values (hs) occurred at 8.4 mm (T0), 12 mm
(T3), and 10 mm (T9). These radia correspond to pressure values of
17.7 kPa (T0), 12.2 kPa (T3), and 14.7 kPa (T9), respectively.

Tri-modal PSDs were found for all treatments of EN (Fig. 3B).
Control samples presented well-defined dS*(ln h)/d ln h peaks that
were modified after three and nine W–D cycles. Even being
produced in both domains (matrix and structural), major changes
in PSD for EN occurred in the matrix domain. Peaks located in the
structural domain were found at pore radia of about 77 mm (T0),
44 mm (T3), and 39 mm (T9). Values of hs for these samples were
found at 8.5 kPa (T0), 20.5 kPa (T3), and 15.1 kPa (T9), which are
equivalent to pore radia of 18 mm (T0), 7.3 mm (T3), and 9.9 mm
(T9), respectively.



Fig. 2. Relative soil saturation (S*) curves versus water pressure head (h) obtained

using a smooth cubic spline adjustment after application of wetting and drying

(W–D) cycles.
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A quasi bi-modal PSD was found for T0 of RF (Fig. 3C) and W–D
cycles changed it to tri-modal (T3 and T9). Both matrix and
structural domains presented important alterations regarding
PSD for this type of soil. In the matrix domain T0 and T3 exhibited
only slight differences in relation to T9, however the opposite
occurred among treatments in the structural domain. There was a
decrease in the peak associated to pores located in this domain.
The peak position was also slightly deviated to smaller pore
values. The peak positions were found at 56 mm (T0), 42 mm (T3),
and 48 mm (T9). The results of hs obtained for RF were 18.1 kPa
(T0), 9.1 kPa (T3), and 13.5 kPa (T9), which are equivalent to pore
radia of 8.2 mm (T0), 16 mm (T3), and 11 mm (T9), respectively. The
results of PSD analysis allow concluding that the application of
W–D cycles raised the amount of large pores for GF and EN and
decreased it for RF.

All soils with treatments presented hs values ranging between
8.5 and 20.5 kPa, which are equivalent to pore radia ranging from
7.3 to 18 mm.

Tuller and Or (2002) and Kutı́lek et al. (2006) found hs values
ranging between 0.1 and 10.9 mm. Nevertheless, Kutı́lek et al.
(2006) and Hajnos et al. (2006) mention that depending on the soil
type and management, the boundary between soil pore categories
can be strongly variable.

In order to compare the effect of three and nine W–D cycles,
Fig. 4 shows differences between dS*/d ln h curves for soil samples
submitted to these treatments and their respective control
samples.

It can be seen between treatments that nine W–D cycles caused
more pronounced changes in the dS*/d ln h behavior for GF
(Fig. 4A), the most important changes occurring in the structural
domain. The nine W–D cycle treatment produced major changes in
the dS*/d ln h and S* behaviors for EN (Figs. 2B and 4B). However,
the most significant changes were found in the matrix domain. For
RF (Fig. 4C), while T3 produced larger modifications in the
structural domain, T9 produced larger modifications in the matrix
domain.

Some soil physical properties as, for example, total porosity,
stress state and energy state may change due to W–D cycles
(Baumgartl, 1998). Pires et al. (2008) showed that small alterations
in total volume of soil core samples resulted from the application of
W–D cycles. It is mainly caused by stresses originated from
capillary forces, which increase with soil drainage. As a con-
sequence, each re-wetting process leads to definitive modifications
in the soil structure.

To characterize modifications introduced in soil structure by
W–D cycles, some observations based on S-theory were made to
investigate the shape of the obtained SWRCs (Dexter, 2004a).
According to this theory, the Sinf of a SWRC is a quantity related to
soil microstructure and it can be used as a parameter for soil
physical quality characterization. The results of the Sinf and uinf (see
Eqs. (4) and (5)) obtained for all soils and treatments are given in
Table 3.
Table 2
SWRC parameters obtained for the van Genuchten equation for the soils submitted to T0 (

and T9 (samples submitted to nine W–D cycles) treatments

Parameters GFa ENa

T0 T3 T9 T0

usat (cm3 cm�3) 0.335 0.362 0.369 0.448

ures (cm3 cm�3) 0.111 0.136 0.144 0.113

a (cm�1) 0.0490 0.0516 0.0496 0.2104

n 1.440 1.518 1.593 1.119

m 0.306 0.341 0.372 0.106

R2 0.996 0.999 0.998 0.995

a GF, EN, and RF represent Geric Ferralsol, Eutric Nitosol, and Rhodic Ferralsol, respe
Dexter and Birkas (2004) related the Sinf to soil clay and silt
contents, soil bulk density, soil organic matter content, and soil
water content at saturation. Sinf values here obtained were compared
to those found in the previously mentioned work (Table 4).
samples not submitted to W–D cycles), T3 (samples submitted to three W–D cycles),

RFa

T3 T9 T0 T3 T9

0.435 0.436 0.519 0.490 0.512

0.184 0.222 0.263 0.197 0.226

0.2245 0.1645 0.1992 0.2773 0.1519

1.168 1.228 1.344 1.162 1.220

0.144 0.186 0.256 0.139 0.180

0.998 0.999 0.995 0.998 0.996

ctively.



Fig. 3. The derivative curves of S* (dS*(ln h)/d ln h) versus the pore radius (r) after

application of wetting and drying (W–D) cycles. Fig. 4. Differences of the derivative S* curves (dS*(ln h)/d ln h) shown in Fig. 3

between T0 (the control with samples not submitted to wetting and drying (W–D)

cycles) and T3 (samples submitted to three consecutive W–D cycles) treatments

(dS*(ln h)/d ln h T3 curve minus dS*(ln h)/d ln h control curve) and T0 and T9

(samples submitted to nine consecutive W–D cycles) (dS*(ln h)/d ln h T9 curve

minus dS*(ln h)/d ln h control curve), respectively.
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Related to the clay content, only EN presented Sinf values in
accordance to predicted ones; associated to silt content, the Sinf

determined for each investigated soil agreed very well with the
predicted ones. In relation to OM and rb only GF presented Sinf

values in agreement with the predicted ones. In relation to usat both
GF and RF had Sinf values in accordance to predicted ones (Dexter
and Birkas, 2004).
Table 3
Sinf and uinf values for three different Brazilian soil texture classes after application of

Parameter GFa ENa

T0
b T3

b T9
b T0

uinf (cm3 cm�3) 0.254 0.278 0.282 0.374

Sinf 0.0485 0.0549 0.0597 0.0281

a GF, EN, and RF represent Geric Ferralsol, Eutric Nitosol, and Rhodic Ferralsol, respe
b T0, the control with samples not submitted to wetting and drying (W–D) cycles; T3, sa

consecutive W–D cycles.
For this study, changes in the Sinf were also utilized to predict
soil physical quality variations due to the application of W–D
cycles. Table 3 shows an increase in the Sinf for GF due to W–D
cycles. For EN, the Sinf was practically the same among treatments
wetting and drying cycles

RFa

T3 T9 T0 T3 T9

0.371 0.374 0.433 0.415 0.430

0.0274 0.0292 0.0466 0.0310 0.0379

ctively.

mples submitted to three consecutive W–D cycles, and T9, samples submitted to nine



Table 4
Predicted values of Sinf according with the work of Dexter and Birkas (2004)

Soil type GF EN RF

Sinf
a P (%)b Sinf P (%) Sinf P (%)

Clay (%) 0.0351 38 0.0293 4 0.0289 61

OM (%) 0.0656 26 0.0423 34 0.0323 44

rb (g cm�3) 0.0522 7 0.0867 68 0.0294 58

usat (cm3 cm�3) 0.0518 6 0.0496 43 0.0514 9

a Predicted values of Sinf were determined based on a first order exponential

decay adjustment for Sinf � rb plot and a second-order exponential decay

adjustment for Sinf � Clay; Sinf � OM; and Sinf � usat plots of data obtained by

Dexter and Birkas (2004).
b P represents the percentual deviation.
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and for RF it decreases from T0 to T3 and T9. These results show
larger differences in the SWRCs and SPS for GF and RF as compared
to EN.

According to Dexter (2004a), soil compaction reduces the Sinf

and large values are an index of good soil quality, indicating the
presence of structural pores. On the other hand, soils with poor
physical quality present small values of Sinf. Based on this
information, it can be inferred that the structure of GF was
improved with the application of W–D cycles and the opposite
result was observed for RF. EN samples did not present any
significant change in soil structure based on Sinf values.
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